Matrix metalloproteinases (MMPs) are extracellular proteases that have well recognized roles in cell signaling and remodeling in many tissues. In the brain, their activation and function are customarily associated with injury or pathology. Here, we demonstrate a novel role for MMP-9 in hippocampal synaptic physiology, plasticity, and memory. MMP-9 protein levels and proteolytic activity are rapidly increased by stimuli that induce late-phase long-term potentiation (L-LTP) in area CA1. Such regulation requires NMDA receptors and protein synthesis. Blockade of MMP-9 pharmacologically prevents induction of L-LTP selectively; MMP-9 plays no role in, nor is regulated during, other forms of short-term synaptic potentiation or long-lasting synaptic depression. Similarly, in slices from MMP-9 null-mutant mice, hippocampal LTP, but not long-term depression, is impaired in magnitude and duration; adding recombinant active MMP-9 to null-mutant slices restores the magnitude and duration of LTP to wild-type levels. Activated MMP-9 localizes in part to synapses and modulates hippocampal synaptic physiology through integrin receptors, because integrin function-blocking reagents prevent an MMP-9-mediated potentiation of synaptic signal strength. The fundamental importance of MMP-9 function in modulating hippocampal synaptic physiology and plasticity is underscored by behavioral impairments in hippocampal-dependent memory displayed by MMP-9 null-mutant mice. Together, these data reveal new functions for MMPs in synaptic and behavioral plasticity.
Introduction
Matrix metalloproteinases (MMPs) are a large family of mostly secreted, extracellularly acting endopeptidases, the canonical substrates of which are proteins of the extracellular matrix as well as some non-matrix proteins such as adhesion proteins (Sternlicht and Werb, 2001) . In many tissues, including the brain, MMPs and their natural inhibitors, the tissue inhibitors of metalloproteinases (TIMPs), act critically in regulating functional and structural remodeling of cellular architecture in the context of pathophysiology (Yong et al., 2001) . The consequences of proteolytic cleavage of target molecules by MMPs are varied and complex and are thought broadly to include both changes in physical constraints of the pericellular environment as well as signaling through liberation of normally sequestered molecules such as growth factors, or exposure of latent bioactive peptide fragments (Nagase and Woessner, 1999) .
In the brain, functional and structural synaptic remodeling is not limited to injury but is also a component of normal neuronal physiology. In the hippocampus, a structure critical for certain types of learning and memory (Eichenbaum et al., 1992) , highly organized synaptic circuits link neurons into functional networks that are dynamically maintained, allowing for new associations appropriate for learning and memory (Shapiro and Eichenbaum, 1999) . It is tacitly recognized that such flexibility in functional circuitry reflects activity-dependent changes in the strength of the synaptic signal (synaptic plasticity), which can be increased [long-term potentiation (LTP)] or decreased [long-term depression (LTD)] from minutes to days or longer (Bliss and Lømo, 1973; Bliss and Collingridge, 1993) . Mechanistically, rapid changes in synaptic efficacy arise through posttranslational modifications of presynaptic and postsynaptic proteins that regulate neurotransmitter release or receptor function (Liao et al., 1992; Silva et al., 1992; Shi et al., 1999; Castillo et al., 2002) . Synaptic plasticity that lasts more than a few hours requires, in addition, transcription and translation (Frey et al., 1988; Nguyen et al., 1994; Impey et al., 1996) and has been associated with structural remodeling of synaptic contacts (Engert and Bonhoeffer, 1999; Toni et al., 1999; Bozdagi et al., 2000; Nägerl et al., 2004; Zhou et al., 2004) .
There is now compelling evidence that signals that orchestrate synaptic structural and functional changes associated with synaptic plasticity derive, in part, from cell-surface adhesion proteins as well as proteins of the extracellular matrix with which they interact Dityatev and Schachner, 2003) . For example, integrin receptors, which transduce cell-cell or cell-matrix interactions (Hynes, 1992) , are required for longterm maintenance of hippocampal LTP (Staubli et al., 1990; Bahr et al., 1997; Chun et al., 2001) and are essential for certain kinds of hippocampal-dependent memory (Chan et al., 2003) . Although the precise upstream molecular events that regulate matrix and/or cell-surface receptor interactions remain to be identified, recent studies suggest that extracellular proteolysis is a potentially important nexus of regulatory control (Huang et al., 1996; Baranes et al., 1998; Madani et al., 1999; Calabresi et al., 2000; Komai et al., 2000; Pang et al., 2004) . Previous work has implicated MMP-9 in forms of protracted hippocampal remodeling accompanying kainic acid-induced epileptogenesis (Zhang et al., 1998; Szklarczyk et al., 2002) and lesion-induced sprouting (Reeves et al., 2003) . However, it is unknown whether MMPs are regulated during synaptic plasticity, whether they contribute to changes in synaptic efficacy, and, in so doing, whether they enable memory.
Materials and Methods
Hippocampal slice preparation, electrophysiology, and reagents. Treatment of all animals conformed to institutional and National Institutes of Health guidelines. Hippocampal slices (350 m) were taken from young (3-6 weeks old) and adult (Ͼ12 weeks old) Sprague Dawley rats and 3-to 8-week-old MMP-9 knock-out and wild-type mice (see below) using a McIllwain tissue chopper. Rat and mouse slices were perfused continuously with Ringer's solution containing (in mM) 125.0 NaCl, 2.5 KCl, 1.3 MgSO 4 , 1.0 NaH 2 PO 4 , 26.2 NaHCO 3 , 2.5 CaCl 2 , and 11.0 glucose, bubbled with 95% O 2 /5% CO 2 , during extracellular recordings (electrode solution, 3 M NaCl). Slices were maintained for 1-2 h before establishment of a baseline (20 -30 min) of field EPSPs (fEPSPs). The temperature of the recording chamber was maintained at room temperature or at 32 Ϯ 1°C for the duration of the experiments. Electrophysiological and pharmacological experiments using inhibitors and recombinant active enzymes as well as slices prepared for subsequent biochemical analyses (immunoblotting and zymography) were conducted on slices at both temperatures. Results obtained from slices maintained at room temperature or at 32°C were identical in all cases. fEPSPs were recorded from the stratum radiatum in area CA1, evoked by stimulation of the Schaffer collateral-commissural afferents every 30 s with bipolar tungsten electrodes with 100 s pulses. Test stimulus intensity was adjusted to obtain fEPSPs with amplitudes that were one-half of the maximal response. The EPSP initial slope (millivolts per milliseconds) was determined from the average waveform of four consecutive responses (Bozdagi et al., 2000) . Protein synthesis-dependent late-phase LTP (L-LTP) was induced chemically (cLTP) (20 min bath application of 50 M Sp-cAMPS; BioLog, Hayward, CA) or tetanically (four trains of 100 Hz, 1 s stimulation separated by 5 min). An early phase of LTP (E-LTP) was induced with a single train of 100 Hz, 1 s tetanic stimulation. An NMDA receptordependent form of LTD (Dudek and Bear, 1992) was induced by 900 pulses at 1 Hz for 15 min, whereas a protein synthesis-dependent form of LTD (Huber et al., 2000) was induced by paired-pulse low-frequency stimulation (1 Hz for 15 min; 50 ms interstimulus interval). Paired-pulse facilitation (PPF) was induced by delivering two stimuli with a 50 -200 ms interstimulus interval. Bath-applied reagents included the following: GM6001 (25 M; Chemicon, Temecula, CA); Inhibitor II (50 M; Calbiochem, La Jolla, CA); recombinant active and pro (inactive) MMP-9 or MMP-2 (0.5 g/ml or as indicated in the figures; Calbiochem); echistatin (10 M; Sigma, St. Louis, MO); GRGDSP [arginine-glycine-aspartate (RGD) peptide] and SDGRG (scrambled peptide) (0.5 mM; Sigma); anisomycin (20 M; Sigma); cycloheximide (60 M; Sigma); and DL-APV (50 M; Tocris, Ellisville, MO). For the integrin function-blocking antibody experiments, slices were incubated with antibodies to ␣v, ␤1, or a mixture of antibodies to ␣3 plus ␣5 (all 0.2 mg/ml; Chemicon) or mouse IgG (0.2 mg/ml; Chemicon) for 3 h and transferred to the recording chamber. Statistical analyses were performed using ANOVA, in which p Ͻ 0.05 was considered significant. Immunoblotting. Area CA1 was dissected from stimulated and temporally matched control slices at relevant time points and immediately snap-frozen on dry ice. Fifty microliters of radioimmunoprecipitation assay buffer (50 mM Tris-HCl, pH 8, 150 mM NaCl, 0.1% SDS, 1% NP-40, 0.5% sodium deoxycholate, and 1ϫ Complete Protease Inhibitor Cocktail; Roche Diagnostics, Mannheim, Germany) were added to the slices immediately before homogenization, which was performed at 4°C using a motorized Potter-Elvehjem homogenizer. Protein concentrations were determined using Bio-Rad (Hercules, CA) Protein Assay. Reducing sample buffer (2ϫ) (0.125 M Tris-HCl, pH 6.8, 20% glycerol, 4% SDS, and 0.003% Bromophenol blue) with 5% 2-mercaptoethanol was added to 50 g of homogenized hippocampal tissue and boiled for 2 min. Samples were loaded on either 7 or 10% SDS-PAGE gels and electrophoresed. Gels were then transferred onto 0.2 m polyvinylidene difluoride transfer membranes (Immobilon; Millipore, Bedford, MA) using Trans-Blot SD Semi-Dry Transfer Cell (Bio-Rad) at a constant 250 mA for 2 h. Membranes to be probed with MMP-9 antisera were first blocked overnight in PBS with 5% nonfat dry milk and 0.1% Tween 20; those to be probed with MMP-2 antisera were first incubated overnight in Trisbuffered saline (TBS) with 5% new born calf serum (Invitrogen, Gaithersburg, MD) and 0.05% Tween 20. The primary antibody to MMP-2 or MMP-9 (1:500 each; both from Torrey Pines Biolabs, Houston, TX) was diluted in the blocking solutions described above and incubated with the membranes for 2-4 h at 4°C. For MMP-9 blots, four 10 min washes were performed using PBS containing 0.2% Tween 20; for MMP-2 blots, four 10 min washes were performed with TBS containing 0.05% Tween 20. The membranes were then incubated for 1 h at room temperature with donkey anti-rabbit IgG HRP-conjugated secondary antibody (1:3000; Amersham Biosciences, Piscataway, NJ) diluted in the appropriate blocking solutions. Proteins were visualized using SuperSignal West Pico Lumino/Enhancer Solution (Pierce, Rockford, IL) and developed on X-Omat LS Imaging Film (Eastman Kodak, Rochester, NY). Monoclonal tubulin antibody (1:40,000; Sigma) was used as a loading control on 7% SDS PAGE gels, and polyclonal glyceraldehyde-3-phosphate dehydrogenase antibody (GAPDH; 1:5000; Trevigen, Gaithersburg, MD) was used as a loading control on 10% SDS PAGE gels, both diluted in PBS with 5% nonfat dry milk and 0.1% Tween 20. Controls for specificity verified that each antiserum recognized the appropriate recombinant pro and active forms of the MMP against which it was raised and did not cross-react with any form of the inappropriate MMP (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Densitometric analysis was performed with MetaMorph software (Universal Imaging Corporation, West Chester, PA). For each lane, MMP band intensity was normalized to its loading control band intensity within the same lane; data were expressed as a ratio over the controls and averaged across an individual number of experiments (n ϭ 3-6 slices per experiment from at least three rats). Data from stimulated slices at each time point were presented as a mean percentage (ϩSEM) of corresponding data from the temporally matched control slices, where applicable. Statistical analyses were performed with Student's t test, where p Ͻ 0.05 was considered significant.
In vitro gelatin substrate zymography. Hippocampal slices were subjected to cLTP as described. At 0, 15, 30, 60, and 120 min after adenosine-3Ј,5Ј-cyclic monophosphorothioate, Sp-isomer (Sp-cAMPS) treatment, slices were snap-frozen on dry ice. At the completion of the last time point, samples were subjected to gelatin zymography according to Zhang and Gottschall (1997) . Prepared samples (10 l) were electrophoresed using 5-mm-thick 7% SDS acrylamide gels containing 0.1% gelatin. Gels were washed with 2.5% Triton X-100 and incubated for 16 -24 h at 37°C. Clear bands of gelatinolysis are visualized against a dark background after the gel is incubated in Coomasie blue and subsequently destained. Recombinant active and pro forms of MMP-9 are run as positive controls and to verify size.
In vivo gelatin zymography. In vivo zymography was performed using a modified protocol from Oh et al. (1999) . Hippocampal slices were sub-jected to cLTP as described. Thirty minutes after Sp-cAMPS washout, free-floating slices were incubated with 1 g/l DQ-gelatin substrate (Molecular Probes, Eugene, OR) for 24 h at 37°C, postfixed for 24 h in 4% paraformaldehyde (in 0.1 M PBS), and mounted and coverslipped on glass slides. Sections were analyzed on a Zeiss (Thornwood, NY) photomicroscope equipped with appropriate fluorescent filters and a 10ϫ objective. Images of the stratum radiatum were captured with a Spot digital camera (Diagnostic Instruments, Sterling Heights, MI) using identical image-capture parameters and exposure times for all conditions. Digital images were quantified with MetaMorph software (Universal Imaging), at which a thresholding function was used to capture and quantify numbers of gelatinolytic puncta within each field (n ϭ 3-5 slices). Data are expressed as the mean (ϩSEM) of the number of puncta and compared across conditions using one-way ANOVA and Scheffe's post hoc test.
Immunocytochemistry. Procedures and confocal analysis have been described in detail previously (Bozdagi et al., 2000) . Hippocampal slices were exposed to Sp-cAMPS and transferred 30 -60 min after washout of Sp-cAMPS to 4% paraformaldehyde. Fixed slices were subsectioned at 50 m on a vibratome and incubated in rabbit anti-MMP-9 antisera (1: 5000; Torrey Pines Scientific) and one of the following other primary antibodies: mouse anti-microtubule-associated protein-2 (MAP-2; 1:200; Chemicon), mouse anti-glial fibrillary acidic protein (GFAP; 1:200; Chemicon), or a mixture of guinea pig anti-vesicular glutamate transporter (vGlut) 1 and 2 antibodies (1:20,000 and 1:1000, respectively; Chemicon). Primary antibody binding was visualized using speciesappropriate, direct fluorophore-conjugated secondary antibodies (Alexa conjugates,1:400; The Jackson Laboratory, Germantown, NY). Sections were analyzed by confocal microscopy. Control experiments consisted of omitting the primary antibody.
Synaptic plasticity in MMP-9 knock-out mice. MMP-9 homozygous knock-out mice in a C57BL/6 background were obtained from Dr. Z. Werb (University of California at San Francisco, San Francisco, CA) or from The Jackson Laboratory. These mice were bred to C57/Bl6NTacF wild-type mice at least two generations. Heterozygous matings were then performed between non-siblings. All mice were group housed and maintained in a 12 h light/dark cycle with water and food ad libitum. The slice-physiology experiments were performed both in Poland and in New York after obtaining permission from the first Warsaw Animal Experimentation Ethical Committee, or the Mount Sinai Institutional Animal Care and Use Committee, respectively. Hippocampal slices were obtained from 3-to 8-week-old animals and subjected to tetanically induced L-LTP or NMDA receptor-dependent LTD as described above.
Context and cued fear conditioning in MMP-9 knock-out mice. Behavioral experiments were performed in Los Angeles in accordance with the Institutional Animal Care and Use Committee guidelines of the University of California at Los Angeles. Three separate groups of mutants and wild-type littermate controls were subjected to a training session in context "A" using a 30 s tone played at 2 min, coterminating with a 2 s, 0.75 mA constant current scrambled footshock. Minutes 0 -2 during the training session were used to measure baseline freezing. Mice were returned to the same chamber 24 h later for a 5 min context test. The mice were returned to their home cage for 6 h, at which time cued conditioning was tested in context "B" using a 2 min baseline, followed by a 3 min tone presentation. For training, context test, and cued test, the percentage of time freezing and activity were measured. Automated freezing, activity scores, and activity bursts were calculated using a previously described computer algorithm (Anagnostaras et al., 2000) . Briefly, a live, full-screen, 8-bit grayscale video was digitized at 1 Hz using NIH Image. For every frame, the mean and SD of the density for each conditioning chamber were measured. These values were subsequently converted to activity (arbitrary units) and percentage of freezing scores, such that they highly correlate to experienced human scoring. Suppression of activity ratios was calculated as (activity during test)/(activity during test ϩ baseline activity), which normalizes for hyperactivity or hypoactivity. Oneway ANOVA (genotype) was performed for fear conditioning. A repeated-measures ANOVA was performed on activity bursts.
Results

Inhibiting MMP function pharmacologically blocks induction of L-LTP
To determine whether MMPs function in hippocampal synaptic plasticity, we first blocked MMP activity acutely using a variety of MMP inhibitors and tested the effects of this blockade on LTP at Schaffer collateral-area CA1 synapses in young rat hippocampal slices. Control slices were subjected to a tetanic stimulation protocol that produces both an E-LTP and a subsequently emerging protein synthesis-dependent L-LTP (Bozdagi et al., 2000) (Fig.  1 A, open circles) . In slices that were exposed to a bath-applied pan-MMP inhibitor, GM6001 (25 M), synaptic potentiation is robust and indistinguishable from that elicited in untreated control slices through the first ϳ60 min but rapidly diminishes to baseline values thereafter ( Fig. 1 A, filled circles) (average percentage of baseline 120 min after tetanus: GM6001, 101.6 Ϯ 10.1%; control, 200.2 Ϯ 8.4%; n ϭ 6 rats). It is unknown how many different MMPs are expressed in the hippocampus and thus which ones are potentially blocked by the general inhibitor. However, MMP-9 becomes proteolytically active in the hippocampus several hours after kainic acid-induced seizure activity (Szklarczyk et al., 2002) . Therefore, we repeated the experiment using an MMP-2/9 inhibitor (Inhibitor II; 50 M). Here, we found identical results using the MMP-2/9 inhibitor to those described for the general MMP inhibitor ( Fig. 1 B) (Inhibitor II; 101.8 Ϯ 7.5% of baseline; n ϭ 6 rats), indicating that MMP-2 and/or MMP-9 become operative during LTP. Moreover, similar effects on tetanically induced L-LTP were obtained with Inhibitor II in hippocampal slices taken from adult rats (Fig. 1C) , indicating that the effects of blocking MMPs on LTP are not limited to a developmental period. A fluorometric enzymatic assay was used to verify that both GM6001 and Inhibitor II blocked 90 -100% of MMP-2 and MMP-9 proteolytic activity at the concentrations used in the slices (supplemental Fig. S1 , available at www.jneurosci.org as supplemental material).
The time at which synaptic potentiation declines to baseline in the presence of the acute MMP inhibitors in the rat slices is contemporanous with the transition from E-LTP to L-LTP, suggesting that MMP function is related to the onset of L-LTP. To examine this, we induced L-LTP in the absence of E-LTP using chemical stimulation with Sp-cAMPS (cLTP) (Frey et al., 1993; Bozdagi et al., 2000) , a protocol that produces a slowly emerging, protein synthesis-dependent potentiation ( Fig. 1 D, open circles) . We found that cLTP in area CA1 is completely abolished by preincubation with the general MMP inhibitor (Fig. 1 D, filled diamonds) or the MMP-2/9 inhibitor ( Fig. 1 D, filled triangles) (average percentage of baseline 120 min after Sp-cAMPS: GM6001, 96.3 Ϯ 9.4%; Inhibitor II, 105.2 Ϯ 8.7%; control, 179 Ϯ 8.5%; n ϭ 6 rats each group). To determine whether MMP activity is required to maintain L-LTP once established, we added MMP-2/9 inhibitor to potentiated slices 60 -90 min after induction of L-LTP by chemical or tetanic stimulation. There is no effect on synaptic potentiation once established, using either LTP stimulation method, indicating that MMP activity is required for induction but not maintenance of L-LTP (Fig. 1 E) . We verified that these MMP inhibitors had no effects on basal synaptic transmission because stimulus-response curves in inhibitor-incubated slices are identical to those elicited from untreated control slices (data not shown). Together, these results indicate that MMP-9, and possibly also MMP-2, is required for the induction of L-LTP specifically.
Levels and proteolytic activity of MMP-9 but not MMP-2 increase in response to L-LTP induction
The functional requirement for MMP-9 and/or MMP-2 in L-LTP induction suggests that the activity of one or both of these MMPs is upregulated just before or during L-LTP onset. To determine which MMP is involved, we first immunoblotted potentiated slices at various times after LTP stimulation using MMP-2-or MMP-9-specific antisera that recognize both pro (inactive) and active forms that can be easily distinguished by differences in their molecular mass (supplemental Fig. S2 , available at www.jneurosci.org as supplemental material). Immunoblot analyses of area CA1 homogenates prepared from slices in which LTP was induced tetanically show that levels of the active form of MMP-9 are significantly elevated by 60 min after stimulus compared with temporally matched control slices and return to control values by 120 min after tetanus (Fig. 1 F) . In contrast, levels of active MMP-2 are unchanged in tetanically stimulated slices at 60 min after stimulation (Fig. 1G) and at other time points tested between 0 and 120 min after stimulation (data not shown). These data suggest that proteolytic activity of MMP-9, but not MMP-2, is required for induction of L-LTP. The lack of a response of MMP-2 to synaptic plasticity is similar to previous studies showing that MMP-9, but not MMP-2, becomes active in response to KCl-or kainic acid-induced seizure activity (Szklarczyk et al., 2002; Jourquin et al., 2003) . Thus, MMP-9 seems to be the relevant MMP, the function of which is required for L-LTP.
The rise in levels of active MMP-9 by 60 min after tetanic stimulation is consistent with a role in the induction of L-LTP. To Figure 1 . MMP-9 is required for, and upregulated during, L-LTP in area CA1. A, Young rat hippocampal slices were subjected to an L-LTP-inducing tetanic stimulation protocol (arrows; four trains of 100 Hz, 1 s stimulation separated by 5 min), which produces both an E-LTP and a long-lasting L-LTP (open circles). In contrast, in the presence of GM6001 (25 M), a broad-spectrum MMP inhibitor (bar), normal E-LTP is elicited but L-LTP is abolished, as shown by the return of the trace to baseline levels between 60 and 90 min (filled circles; n ϭ 6 rats). Inset, Representative EPSP traces were recorded before tetanus (1), 90 min after tetanus (2), and 90 min after tetanus in the presence of GM6001 (3). B, Young rat hippocampal slices exposed to an MMP-2/9 inhibitor (Inhibitor II; 50 M) and subjected to L-LTP-inducing tetanic stimulation also show normal E-LTP but abolishment of L-LTP (filled circles). Other conventions are as in A. Inset, Representative EPSP traces were recorded before tetanus (1), 90 min after tetanus (2), and 90 min after tetanus in the presence of Inhibitor II (3). C, Hippocampal slices from adult rats exposed to Inhibitor II (bar) and subjected to L-LTP-inducing tetanic stimulation (arrows) also show a normal E-LTP (filled circles) compared with control slices (open circles), but L-LTP is abolished. This pattern is identical to that observed in young rat slices (compare with Fig. 1 A, B) . D, Rat hippocampal slices bath exposed to Sp-cAMPS (20 min; solid bar) show a robust, slowly developing cLTP (open circles). In contrast, cLTP is abolished in slices coincubated in Sp-cAMPS and either GM6001 (25 M; filled diamonds) or Inhibitor II (50 M; filled triangles; duration of inhibitor shown by gray bar). Inset, Representative EPSP traces were recorded before Sp-cAMPS application (1), 90 min after Sp-cAMPS application (2), and 90 min after Sp-cAMPS in the presence of Inhibitor II (3). E, Exposing rat hippocampal slices to the MMP-2/9 inhibitor (bar) after tetanically induced L-LTP is established has no effect on maintenance of L-LTP (filled circles); the potentiation in treated slices is indistinguishable from that in untreated control slices (open circles). F, Pairs of representative immunoblots of homogenates from area CA1 frozen 60 min (left pair) or 120 min (right pair) after control or L-LTP-inducing tetanic stimulation. Membranes were probed with antibodies that recognize the active form of MMP-9 (act-9) or tubulin. The summary graph (right) shows the mean band intensity normalized to corresponding time-matched controls. There is a significant elevation in the levels of the active form of MMP-9 at 60 min after LTP stimulation (*p Ͻ 0.03; n ϭ 3), but levels return to control values by 120 min. G, Representative immunoblot of homogenates from area CA1 frozen 60 min after control or L-LTP-inducing tetanic stimulation. Membranes were probed with antibodies that recognize the active form of MMP-2 (act-2) or tubulin. The summary graph shows that there are no changes in the levels of active MMP-2 at this time point after LTP stimulation (n ϭ 3), nor are there any changes in the levels of MMP-2 at other times up to 120 min after stimulation (other time points not shown). H, Representative immunoblot of homogenates from area CA1 subjected to cLTP by brief bath exposure to Sp-cAMPS and frozen at the times indicated after washout of Sp-cAMPS. Membranes were probed with antibodies recognizing the active form of MMP-9 or GAPDH. The summary graph (n ϭ 3 per time point) shows that levels of the active form of MMP-9 increase by 15 min after washout of Sp-cAMPS, peak by 30 min, and decline toward baseline thereafter through 120 min. *p Ͻ 0.05; **p Ͻ 0.005. Error bars indicate SEM. Calibration: 10 ms, 0.2 mV. con, Control; tub., tubulin.
examine this further, we performed immunoblot time-course analysis of slices exposed briefly to Sp-cAMPS to induce L-LTP selectively. Figure 1 H shows that levels of active MMP-9 increase slightly after the 20 min exposure to Sp-cAMPS compared with untreated controls, peak at 30 min after washout, and decline toward baseline thereafter through 120 min. The sustained elevation of MMP-9 levels with chemical induction compared with the return to baseline levels at 120 min seen with tetanic induction may reflect the fact that the bath-applied, membrane-permeable Sp-cAMPS affects many more, perhaps all, cells in the slice and may therefore be a "stronger" or more persistent stimulus.
To verify the increase in levels of the active form with L-LTP and to confirm that MMP-9 was proteolytically active, we subjected stimulated and control slices to gelatin zymography. Hippocampal homogenates were prepared from slices taken at variable times after washout of Sp-cAMPS. In unstimulated control sections, pro-MMP-9 is evident, but only a very faint band of the active form of MMP-9 is visible (Fig. 2 A) . However, at 30 and 60 min after washout, the gelatinolytic activity of the active form of MMP-9 is elevated compared with controls, indicating that MMP-9 becomes proteolytically active in response to L-LTP induction (Fig. 2 A) . We further confirmed this using in vivo zymography, which additionally reveals the anatomical localiza- localization of MMP-9 in area CA1 stratum radiatum in slices taken 30 min after Sp-cAMPS washout (F ) or in control slices (G). There is a greater number and intensity of immunoreactive profiles evident in the cLTP slices compared with control slices. H-J, Confocal images of area CA1 stratum radiatum in cLTP slices immunolabeled 30 min after Sp-cAMPS washout showing immunoreactivity for MMP-9 (H; green) and for the astrocyte marker GFAP (I; red) separately and as an overlay (J ), in which codistribution is evident as indicated by regions of overlap of the two channels (yellow) in the merged image. K-M, Confocal images of area CA1 stratum radiatum in cLTP slices immunolabeled 30 min after Sp-cAMPS washout showing immunoreactivity for MMP-9 (K; green) and for the dendritic marker MAP-2 (L; red) separately and as an overlay (M ), in which codistribution is evident as indicated by regions of overlap of the two channels (yellow) in the merged image. N-P, High-magnification confocal images of the stratum radiatum neuropil from cLTP slices immunolabeled 30 min after Sp-cAMPS washout. The images show numerous punctate profiles immunoreactive for MMP-9 (N; green, arrows) and for the synaptic marker vGluts (O; red, arrows), shown separately and as on the overlay (P), in which synaptic codistribution is evident as indicated by punctate regions of overlap of the two channels (yellow, arrows, and inset) in the merged image. Scale bars: D, 50 m; G, 100 m; J, M, 25 m; P, 5 m. con, Control.
tion of such proteolytic activity. In untreated control sections, faint fluorescent puncta representing gelatinolytic activity are evident throughout synaptic regions of area CA1 (stratum radiatum) (Fig. 2 B) . At 30 -60 min after Sp-cAMPS washout, the intensity and number of such gelatinolytic puncta increase significantly (Fig. 2C,E) .
To confirm that such proteolytic activity is mediated by MMPs, a set of slices was coincubated in Sp-cAMPS and either the general MMP inhibitor (GM6001) or MMP-2/9 inhibitor (Inhibitor II). Both inhibitors completely abrogate the SpcAMPS-induced increase in the number of gelatinolytic puncta in the stratum radiatum (Fig. 2 D, E) . Control experiments confirmed that neither levels of pro-or active-MMP-9 nor proteolytic activity increase over time in response to tissue slicing (supplemental Fig. S3 , available at www.jneurosci.org as supplemental material). Thus, these data show that MMP-9 becomes proteolytically active during the onset of L-LTP within the neuropil of area CA1 stratum radiatum, the region containing the potentiated synapses.
To identify what cellular elements were associated with MMP-9 in stimulated slices, we paraformaldehye-fixed slices after induction of cLTP and immunolabeled for dendritic, glial, and synaptic molecular markers. A significantly greater number of MMP-9-immunoreactive profiles was evident throughout the synaptic and dendritic regions (stratum radiatum) of area CA1 in the potentiated slices (Fig. 2F ) compared with those present in control slices (Fig. 2G) . Double immunolabeling revealed that such MMP-9-immunopositive profiles in the potentiated slices include GFAP-immunopositive astrocytes (Fig. 2 H-J ) , MAP-2-immunopositive dendrites (Fig. 2K-M) , and vGlut-immunopositive synapses ( Fig. 2N-P) . Together, these results demonstrate that MMP-9 becomes proteolytically active during induction of L-LTP and associates with glial, dendritic, and synaptic profiles within the potentiated neuropil.
MMP-9 is not required for, nor regulated by, other forms of synaptic plasticity
To verify a role for MMP-9 in induction of L-LTP selectively, we tested the effects of MMP inhibitors on other forms of both shortand long-lasting synaptic plasticity. We first tested the effects of inhibitors on E-LTP using a weaker tetanic stimulation protocol (a single train of 100 Hz, 1 s stimulation) than the one used above to induce L-LTP. There is no effect on E-LTP in the presence of the MMP-2/9 inhibitor (Fig. 3A) ( p ϭ 0.44; n ϭ 4 rats). Consistent with this, immunoblot analyses show that there are no changes in levels of the active form of MMP-9 with stimuli that induce E-LTP compared with temporally matched control slices (Fig. 3A, inset) . Similarly, there are no effects of MMP inhibitors on PPF (data not shown), another form of short-term plasticity. We next examined the effects of MMP inhibitors on two different forms of electrically induced LTD of area CA1 synaptic strength, one of which requires NMDA receptors but not protein synthesis (Dudek and Bear, 1992) and the other that requires metabotropic glutamate receptors and protein synthesis (Huber et al., 2000) . Neither form of LTD was affected by MMP inhibitors (Fig. 3 B, C) ( p ϭ 0.43 and p ϭ 0.46; n ϭ 4 rats for each group). Consistent with the lack of a functional role in LTD, immunoblots show that levels of the active form of MMP-9 are unaffected by either LTDstimulation protocol (Fig. 3 B, C, insets) . Thus, the lack of any apparent requirement for MMP-9 in E-LTP, decremental potentiation, or LTD is consistent with the lack of any stimulusinduced increase in MMP protein levels during these same forms of synaptic plasticity. These data indicate that synaptic activity or modification of synaptic strength per se is insufficient for regulating levels of active MMP-9. Instead, MMP-9 levels increase only in response to stimuli that induce L-LTP.
Increase in levels of MMP-9 requires NMDA receptors and protein synthesis
We next investigated some of the components of the signaling cascade that contribute to the L-LTP-associated increase in MMP-9 levels and activity. We first tested requirements for NMDA receptor activation, because NMDA receptors are known to be required for induction of tetanic or chemical LTP (Collingridge and Bliss, 1987; Otmakhov et al., 2004) . Slices were exposed to the NMDA receptor antagonist APV during L-LTPinducing tetanic stimulation. Immunoblot analyses show that APV completely blocks the L-LTP-associated increase in MMP-9 protein levels compared with slices incubated in APV alone or Figure 3 . MMP-9 has no role in, nor is regulated during, other forms of synaptic plasticity. A, Rat hippocampal slices subjected to a weak tetanic stimulation protocol that produces E-LTP (arrow; a single train of 100 Hz, 1 s tetanic stimulation; open circles). Slices bath exposed to the MMP-2/9 inhibitor (Inhibitor II, 50 M; filled circles) exhibit E-LTP that is indistinguishable from that elicited in control slices, indicating that MMP-9 has no role in this form of plasticity. Consistent with this, the inset shows a representative immunoblot of area CA1 homogenates frozen 60 min after stimulation; levels of the active form of MMP-9 are unchanged in the decrementally potentiated slices compared with control (con) slices. B, Rat hippocampal slices were subjected to a tetanic stimulation protocol that produces an NMDA receptor-dependent form of synaptic depression (LTD; open circles). Exposing slices to the MMP-2/9 inhibitor had no effect on LTD (filled circles), indicating that MMP-9 has no role in this form of LTD. Consistent with this, the inset shows a representative immunoblot of area CA1 homogenates frozen 60 min after stimulation (LTD); levels of the active form of MMP-9 are unchanged compared with control slices. C, Rat hippocampal slices were subjected to a tetanic stimulation protocol that produces a long-lasting protein synthesis-dependent form of synaptic depression (LTD; open circles). Exposing slices to the MMP-2/9 inhibitor had no effect on LTD (black circles), indicating that MMP-9 has no role in this form of LTD. Consistent with this, the inset shows a representative immunoblot of area CA1 homogenates frozen 60 min after stimulation; levels of the active form of MMP-9 are unchanged compared with control slices. con, Control; act, active form; tub., tubulin.
untreated control slices (Fig. 4 A) . These data indicate that NMDA receptor activation is required for the L-LTP-associated increase in MMP-9 protein levels.
L-LTP also depends on de novo protein synthesis (Frey et al., 1988) , so we incubated slices with the protein synthesis inhibitor anisomycin (20 M) in the presence of Sp-cAMPS or during tetanic stimulation. Immunoblot analyses show that blocking protein synthesis with anisomycin prevents the L-LTP-induced increase in levels of both pro and active forms of MMP-9, regardless of whether L-LTP is induced chemically (Fig. 4B) or tetanically (Fig. 4C) . Identical results were obtained from slices in which protein synthesis was blocked with cycloheximide (data not shown).
Proteolytically active MMP-9 produces a slow integrin-dependent potentiation
We next investigated the consequences of MMP-9 proteolytic activity on synaptic function by exposing slices to recombinantactive MMP-9 and recording fEPSPs in the stratum radiatum. Brief bath application of MMP-9 (1 g/ml) produces a consistent increase in fEPSP slope that first appears ϳ30 min after washout of the active enzyme, yielding an average potentiation of 155 Ϯ 2.9% by 150 min (Fig. 5A ) (n ϭ 4 rats). Such potentiation by active MMP-9 was dose dependent; bath application of 0.5 or 0.1 g/ml active MMP-9 produced 139 Ϯ 3.0% or 0% increase, respectively, at 150 min after washout (Fig. 5A) . The potentiation of fEPSPs is not caused by a nonspecific increase in excitability because the amplitude of the fiber volleys is not significantly different than untreated control slices (107 Ϯ 5.1% of control values at 150 min after MMP-9 washout; n ϭ 4; p Ͼ 0.5). We verified that the slow potentiation reflected MMP-9 activity by coincubating slices with the MMP-2/9 inhibitor. In these slices, no potentiation emerged over the 120 min recording period (Fig. 5B) . Additionally, no potentiation was observed when slices were exposed to the inactive pro form of MMP-9 (Fig. 5B) . As further verification of specificity in the potentiating effects of active MMP-9, we exposed slices to recombinant-active MMP-2. However, no potentiation was evident over a range of concentrations (from 0.5 to 5.0 g/ml) (Fig. 5C ). Such a lack of effect of active MMP-2 is consistent with a lack of regulation of MMP-2 levels during LTP induction as shown above.
It has been reported previously that hippocampal slices exposed to integrin ligands bearing the RGD-binding motif exhibit a slowly emerging potentiation that is strikingly similar to that shown above resulting from exposure to active MMP-9 (Kramar et al., 2003) . Therefore, we hypothesized that MMP-9-induced potentiation might be mediated through activation of RGDbinding integrin receptors. We first tested this by preincubating slices in echistatin, a potent disintegrin, and bath-applying active MMP-9 while recording fEPSPs from area CA1. In these slices, no potentiation emerged over the 150 min recording period (Fig.  5D , filled diamonds). The disintegrin was only effective when present during the induction of the MMP-9-induced potentiation, because application of echistatin ϳ30 min after potentiation was established had no effect (Fig. 5D, open circles) . To test further the specificity of integrin activation in MMP-9-induced potentiation, we repeated these experiments using two other, structurally distinct types of integrin antagonists. In the first set of experiments, we preincubated slices with a synthetic RGD peptide (GRGDSP) or a scrambled peptide (SDGRG) during brief application of active MMP-9 (Fig. 5E) . No potentiation was evident in the RGD-treated slices during the 150 min recording period (Fig. 5E , filled diamonds); in contrast, robust potentiation was evident in the slices exposed to the scrambled peptide (Fig. 5E, open squares) . In the second set of experiments, we preincubated slices in functionblocking integrin subunit antibodies or antibody combinations that have been used previously to impair LTP maintenance (Chun et al., 2001) . No potentiation was evident in slices preincubated with antibodies to ␣3 and ␣5, nor was potentiation evident in slices preincubated with antibodies to ␣v or ␤1 (Fig. 5F ). In contrast, a robust potentiation was evident in slices preincubated in mouse IgG (data not shown). Together, these data suggest strongly that activated MMPs induce a slow synaptic potentiation mediated by RGDbinding integrin receptors.
MMP-9 knock-out mice exhibit impairments in LTP and hippocampal-dependent associative learning
To verify further a functional role for MMP-9 in area CA1 LTP, we applied L-LTP-inducing tetanic stimulation to the Schaffer collaterals in slices taken from mice carrying a homozygous disruption of the MMP-9 gene (Vu et al., 1998) . The age range of the mice from which slices were taken for these experiments was comparable to that of the rat slices described above. Here, we found that the magnitude of LTP is significantly smaller and the duration is shorter in slices from MMP-9 null-mice compared with a robust, long-lasting potentiation of synaptic transmission in slices from wild-type mice (Fig. 6 A) . This pattern of LTP deficit was clearly different than that described above for the acute pharmacological blockade of MMP-9 in the rat slices. To investigate potential explanations for such differences, we first ruled out overt differences between wild-type and null-mutant slices in basic prop- Figure 4 . Increase in levels of MMP-9 during L-LTP requires NMDA receptor activation and protein synthesis. A, Representative pairs of immunoblots of area CA1 homogenates frozen 60 min after control stimulation, after L-LTP tetanic stimulation (LTP), after L-LTP tetanic stimulation in the presence of the NMDA receptor antagonist APV (APVϩLTP), or after control stimulation in the presence of APV alone (APV). Membranes were probed for the active form of MMP-9 or tubulin. The increase in levels of active MMP-9 evident 60 min after post-LTP tetanic stimulation (left) is blocked in tetanically stimulated slices incubated with APV (middle). Incubation in APV alone, without L-LTP stimulation, has no effect on MMP-9 levels (right). Blots shown are representative of results from three to six slices from at least three rats. B, Representative immunoblots of area CA1 homogenates frozen 30 min after Sp-cAMPS washout used to induce cLTP. Membranes were probed with the MMP-9 antibody; both pro and active forms of MMP-9 are shown. The increase in levels of both forms of MMP-9 evident in the cLTP slices is blocked by incubating slices in the protein synthesis inhibitor anisomycin (20 M). The blots shown are representative results from three to six slices from at least three rats. C, Pairs of representative immunoblots of area CA1 homogenates frozen 60 min after receiving control stimulation, tetanic L-LTP-stimulation in the presence of anisomycin, or control stimulation plus anisomycin alone. Membranes were probed with the MMP-9 antibody or an antibody to GAPDH. Both pro and active forms of MMP-9 are shown. The L-LTP-associated increase in levels of MMP-9 induced tetanically is blocked by anisomycin. The blots shown are representative of results from three to six slices from at least three rats. con, Control; act, active form; tub., tubulin; aniso., anisomycin.
erties of synaptic transmission, because there were no apparent differences in the stimulation/response properties of fEPSPs at stimulus intensities of 2-20 V (supplemental Fig. S4A , available at www.jneurosci. org as supplemental material). We also ruled out the possibility that null-mutant slices exhibited general impairments in all forms of synaptic plasticity. There were no differences between wild-type and null-mutant slices in NMDA receptor-dependent LTD (Fig. 6B) ( p ϭ 0.3 ; n ϭ 3 mice per genotype), nor in PPF, a short-term form of plasticity (supplemental Fig. S4B , available at www.jneurosci.org as supplemental material). These data are consistent with results using the pharmacological blockers in rat slices showing a lack of a role of MMP-9 in these forms of short-and long-term plasticity. We next ruled out differences between rat and wild-type mouse slices in the effects of the pharmacological blockers on LTP. In wild-type mouse slices that were exposed to Inhibitor II (50 M), L-LTP tetanic stimulation produced synaptic potentiation that was robust and indistinguishable from that elicited in untreated wild-type slices through the first ϳ60 min but then declined to baseline thereafter, similar to that described for the rat slices (Fig. 6C) . These data show that the pharmacological inhibitors affect LTP similarly in rats and mice. We also ruled out potentially spurious effects of the pharmacological inhibitors in that null-mutant slices exposed to the MMP inhibitors exhibited deficient LTP that was indistinguishable from that elicited in untreated null-mutant slices (Fig. 6D) . These data indicate that genetic deletion of MMP-9 occludes the effects of MMP-9 inhibitors on LTP. Finally, we tested whether restoring MMP-9 activity to the null-mutant slices could rescue the deficient LTP by pairing the same L-LTP tetanic stimulation protocol used above in the mutant slices with bath application of recombinant active MMP-9. Here, we found that LTP was completely restored in both magnitude and duration, appearing indistinguishable from that elicited in wild-type mice (Fig. 6E ) (n ϭ 2-4 mice per genotype). Together, these data from null-mutant slices are consistent with those from the acute pharmacological experiments in rat slices in showing that MMP-9 plays a significant role in regulating LTP but not other forms of synaptic plasticity. Additional deficits in LTP are apparent in the null-mutant slices; the mechanisms underlying these additional deficits remain to be elucidated.
The requirement for MMP-9 activation during LTP shown in the slice experiments suggests that MMP-9 proteolytic activity is a fundamental component of behaviorally relevant associative processes of the kind thought to be based on enduring forms of synaptic plasticity such as LTP. To investigate the functional requirements for MMP-9 in hippocampus-dependent associative learning, MMP-9 Ϫ/Ϫ mutant mice were subjected to context and cued fear conditioning. In this task, mice learn to associate a mild footshock with a specific training context and a specific tone. When the mice are later re-exposed to either the context or tone, they reduce their overall activity and exhibit freezing behavior, defined as a cessation of all movement, except for respiration. Such pavlovian fear conditioning to the training context is dependent on both hippocampus and amygdala function, whereas fear conditioning to the cue (tone) requires the amygdala but is hippocampus independent (Kim and Fanselow, 1992) . Mice were trained in context A using a 30 s tone coterminating with a 2 s, 0.75 mA shock. During the training session, the mutant mice displayed baseline activity that was similar to that displayed by their wild-type littermate controls (Fig. 6 F) . When the mice were tested at 24 h in the same context A for hippocampus-dependent context conditioning, the MMP-9 Ϫ/Ϫ mutant mice displayed significantly reduced memory (Fig. 6G) . In contrast, when tested at Figure 5 . Active MMP-9 induces a slow integrin-dependent potentiation in area CA1. A, Rat hippocampal slices were exposed briefly to recombinant active MMP-9 (1 g/ml; duration shown by bar). A slowly emerging potentiation appeared 30 -60 min later (triangles) that persisted through 150 min, when the experiment was terminated. The effect at 150 min was dose dependent (n ϭ 3-4 rats per condition). Error bars indicate SEM. Inset, Representative EPSP traces were recorded before (1) and 90 min after (2) rMMP-9 application. Calibration: 10 ms, 0.2 mV. B, The potentiating effect of recombinant active MMP-9 (1 g/ml; open circles, duration shown by black bar) is blocked by coincubating rat hippocampal slices with the MMP-2/9 inhibitor (Inhibitor II, 50 M; filled circles, duration shown by gray bar). Treating slices with a recombinant pro (inactive) form of MMP-9 has no effect on synaptic physiology (open diamonds; n ϭ 3 rats for each group). C, Treating rat hippocampal slices with recombinant active MMP-2 (rMMP-2; 5 g/ml; open triangles) has no effect on synaptic physiology compared with the potentiation caused by recombinant active MMP-9 (0.5 g/ml; open circles; n ϭ 3 rats per group). The duration of enzyme exposure is shown by the black bar. Such a lack of effect is consistent with the lack of regulation of MMP-2 levels with LTP-inducing stimuli (Fig. 1G) . D, The recombinant active MMP-9-induced potentiation (open circles) is blocked by coincubating slices with echistatin (10 M), a snake disintegrin and potent broad-spectrum integrin antagonist (filled diamonds; duration of echistatin treatment shown by gray bar). The addition of echistatin 30 min after potentiation is established (duration shown by white bar) has no effect on maintenance of the recombinant active MMP-9-induced potentiation (open circles; n ϭ 4 rats per group). E, The recombinant active MMP-9-induced potentiation (open circles) is also blocked by coincubating slices in a synthetic RGD-bearing blocking peptide (0.5 mM; filled diamonds), but coincubating slices in a scrambled version of this peptide has no effect on the potentiation (open squares; n ϭ 4 rats per group). F, Pretreating rat hippocampal slices with integrin function-blocking antibodies (␣v, open diamonds; ␤1, open triangles) or antibody combinations (␣3/␣5; filled diamonds) also blocks the MMP-9-induced potentiation (n ϭ 3-4 rats per group). All antibody concentrations are 0.2 mg/ml. rMMP-9, Recombinant active MMP-9.
30 h for cued conditioning (which is hippocampus independent) in context B, the mutants showed similar levels of freezing (Fig. 6 H) . Similar results were found when activity suppression, another natural fear response, was analyzed (supplemental Figs. S5, S6, available at www. jneurosci.org as supplemental material). This deficit in pavlovian fear conditioning was not attributable to enhanced perception of the footshock, because the mutant mice displayed similar activity bursts, an unconditioned response to the footshock, compared with wild-type mice (Fig. 6 I) .
Discussion
We demonstrate here novel roles for MMP-9 in normal hippocampal synaptic physiology, plasticity, and hippocampaldependent memory. This is striking because activation of MMPs in the brain is generally thought to be a protracted process associated with overt injury, excitotoxicity, or pathology (Yong et al., 2001) . Our data demonstrate activation of MMPs over time scales faster than previously realized via dynamic processes that are part of normal synaptic function. We show using acute hippocampal slices that MMP-9 is rapidly and transiently activated in an NMDA receptorand protein synthesis-dependent manner during L-LTP. Pharmacological inhibitors of MMP-9 prevent induction of L-LTP selectively; MMP-9 has no role in, nor is regulated during, E-LTP, two different forms of LTD, or PPF. Mice with a targeted deletion of the MMP-9 gene also exhibit deficits in LTP, but not other forms of synaptic plasticity, that can be reversed by adding exogenous recombinant active MMP-9 to the null-mutant slices. At least one mechanism through which activated MMP-9 modulates hippocampal synaptic physiology is through integrin receptors, because integrin function-blocking reagents prevent an MMP-9-mediated potentiation of synaptic signal strength in area CA1. The fundamental importance of MMP-9 function in modulating hippocampal synaptic physiology and plasticity is underscored by impairments in hippocampal-dependent long-term memory displayed by MMP-9 knock-out mice. Together, these data establish new, previously unrecognized functions for MMPs in synaptic and behavioral plasticity.
Rapid upregulation of MMP-9 with L-LTP
Several convergent lines of evidence presented here support the idea that MMP-9 is relatively rapidly upregulated by 30 -60 min after L-LTP-inducing stimuli. The increased level of the active form represents Figure 6 . MMP-9 knock-out mice display impairments in LTP and hippocampal-dependent memory in a fear-conditioning memory task. A, Tetanically induced LTP is significantly impaired in hippocampal slices from MMP-9 null-mutant mice (filled circles) compared with robust potentiation evident in wild-type slices (open circles). Arrows mark the stimulation (4 trains of 100 Hz, 1 s stimulation separated by 5 min; n ϭ 6 slices; n ϭ 3-4 mice per genotype). Inset, Superimposed sample field potential recordings before (1) and 4 h after tetanization in wild-type (2) and MMP-9 null-mutant (3) mice. B, Hippocampal slices from wild-type mice (open circles) or from MMP-9 null-mutant mice (filled circles) were stimulated tetanically (arrow) to produce NMDA receptor-dependent LTD. The synaptic depression was indistinguishable between genotypes, confirming that MMP-9 plays no role in LTD (n ϭ 4 slices; n ϭ 3-4 mice per genotype). C, Wild-type mouse hippocampal slices subjected to tetanic L-LTP stimulation (as in A) produces both E-LTP and a long-lasting L-LTP (open circles). In the presence of Inhibitor II (50 M; bar), normal E-LTP is elicited but L-LTP is abolished, shown by the return of the trace to baseline levels between 60 and 90 min (filled circles; n ϭ 2 slices; n ϭ 2 mice per condition). Inset, Superimposed sample field potential recordings before (1) and 120 min after tetanization in untreated (2) or inhibitor-treated (3) wild-type slices. D, Null-mutant hippocampal slices subjected to tetanic L-LTP stimulation (as in A) in the presence of Inhibitor II (50 m; bar) exhibit deficient LTP (filled circles) that is identical to that observed in untreated null-mutant slices (open circles; n ϭ 2 slices; n ϭ 2 mice per condition). Inset, Superimposed sample field potential recordings before (1) and190minaftertetanizationinuntreated(2)orinhibitor-treated(3)null-mutantslices.E,Pairingbathapplicationofrecombinantactive MMP-9(rMMP-9;bar)withfour100HzL-LTP-inducingtetanicstimulation(arrows)innull-mutanthippocampalslicescompletelyrestores both the magnitude and duration of LTP (filled diamonds) to levels indistinguishable from wild-type control mice (open circles; n ϭ 3-4 mice per genotype). Inset, Superimposed sample field potential recordings before (1) and 4 h after tetanization in untreated wild-type (2) orrMMP-9-treatednull-mutant(3)mouseslices.F,BaselineactivitybeforetraininginMMP-9knock-out(Ϫ/Ϫ)mice(openbar;nϭ25) is not significantly different than that in wild-type (ϩ/ϩ) mice (filled bar; n ϭ 27) (F (1,50) ϭ 3.33; p ϭ 0.074). AU, Arbitrary units. G, MMP-9 Ϫ/Ϫ mutant mice display a significant deficit in long-term hippocampus-dependent memory for context when tested at 24 h compared with their wild-type littermate controls (F (1,50) ϭ 8.00; *p ϭ 0.007). H, MMP-9 Ϫ/Ϫ mutant mice (n ϭ 19) display normal amygdala-dependent cued conditioning compared with their wild-type littermates (n ϭ 17) when tested at 30 h (F (1,33) ϭ 0.069; p ϭ 0.80).I,Activityburstanalysisshowsnodifferenceinshockperceptionbetweenwild-type(nϭ8)andMMP-9 Ϫ/Ϫ mutantmice(nϭ9). Thevelocityofthemiceduringa2sbaselinebeforeshockand2sduringshockisshown (F (1,15) ϭ1.51;pϭ0.70).ErrorbarsindicateSEM. Calibration: 10 ms, 0.2 mV. wt, Wild type.
increased proteolytic activity, because in vivo zymography reveals significantly enhanced gelatinolytic activity in the potentiated slices that was blocked by MMP inhibitors. We show that such upregulation requires NMDA receptors. It is unlikely that this represents a nonspecific effect of intense synaptic depolarization resulting from trains of tetanic stimuli. First, it has been shown that NMDA receptor antagonists block induction of LTP specifically while leaving unchanged the strong depolarization mediated by AMPA receptor currents (Steward and Worley, 2001 ). Second, the other forms of synaptic plasticity that we tested all result in synaptic depolarization but had no effect on the levels of MMP-9. Thus, MMP-9 regulation occurs specifically in response to an NMDA receptor-mediated signaling pathway, which could be generated in neurons, glia, or both, because each of these cell types express NMDA receptors (Conti et al., 1997) and synthesize MMP-9 (Szklarczyk et al., 2002; Arai et al., 2003) . Although the signal cascade involved remains to be determined, the observation that NMDA receptor-dependent LTD had no effect on levels of MMP-9 suggests that the NMDA receptor-mediated signal is specific to L-LTP. A likely candidate is Ca 2ϩ influx, because distinct Ca 2ϩ -dependent signal cascades are thought to be generated by different forms of synaptic plasticity (Teyler et al., 1994) .
The L-LTP-associated increase in levels of both pro-and active-MMP-9 is also blocked by inhibitors of protein synthesis. It is unclear at present whether MMP-9 gene transcription is involved, this being an important nexus of regulatory control of MMP levels in many other cell types (Sternlicht and Werb, 2001) . Neuronal gene transcription can occur relatively rapidly in response to synaptic stimulation in the hippocampus. For example, cytoplasmic mRNA levels for the immediate-early gene Arc are significantly elevated within 30 min of synaptic stimulation in area CA1 and the dentate gyrus (Steward et al., 1998; Guzowski et al., 1999) . Alternatively, the requirements of MMP-9 translation may be independent of transcription. It has been suggested that MMP-9 mRNA is dendritically localized (Szklarczyk et al., 2002) ; local translation of this pool of MMP-9 mRNA coupled with translation of basal levels of MMP-9 mRNA within glia that are situated within the neuropil of the stratum radiatum, where synapses are located, could in theory account for a rapid, local delivery of newly synthesized MMP-9 protein to sites of synaptic modification. It is not clear at present what regulatory steps are involved in the secretion of MMP-9 at these sites.
Our data do not distinguish whether the increased proteolytic activity within the neuropil shown by in vivo zymography derives directly from newly synthesized pro-MMP-9 or from activation of pre-existing basal pools of extracellularly located pro-MMP-9. Our data show a preexisting pool of pro-MMP-9 within unstimulated neuropil, consistent with other studies (Szklarczyk et al., 2002; Lee et al., 2004) , which could be rapidly activated enzymatically. One possibility is that rapid conversion of pro-to active-MMP-9 is mediated via tissue plasminogen activator (tPA), a serine protease upregulated during, and required for, L-LTP (Qian et al., 1993; Huang et al., 1996; Baranes et al., 1998) , because several tPA-dependent pathways have been shown to affect MMP-9 levels and/or activity in non-neuronal cell types (Cuzner and Opdenakker, 1999; Wang et al., 2003b) . The mechanism by which L-LTP-induced levels of active MMP-9 are returned to prestimulation levels is unclear, although activity-dependent regulation of endogenous TIMPs is possible (Rivera et al., 1997; Jaworski et al., 1999) . more acute role for MMP-9 in LTP. This leaves open a second possibility that MMP-9 may contribute to LTP both by acting as a ligand for a receptor (which would have been blocked genetically but not necessarily pharmacologically) as well as through its proteolytic activity (blocked both genetically and pharmacologically). The protease tPA, for example, contributes to LTP both through enzymatic cleavage of pro-BDNF as well as binding to its cell-surface low-density lipoprotein receptor-related protein receptor (Zhuo et al., 2000; Pang et al., 2004) . In any event, the deficits in LTP displayed by the null-mutant mice parallel the deficits in hippocampal-dependent fear conditioning, which, on the one hand, is perhaps not surprising given that long-lasting protein synthesis-dependent forms of synaptic plasticity such as LTP are thought to contribute to long-term memory (Bliss and Collingridge, 1993; Silva, 2003) . On the other hand, conclusions about the role of MMP-9 in memory should be regarded as tentative, and although it is possible that MMP-9 contributes to hippocampal-dependent memory by modulating long-lasting synaptic plasticity through mechanisms we have detailed here, definitive tests of this await future studies.
